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0014-5793  2012 Federation of European BiochemicPhotosynthetic machinery requires balanced distribution of excitation energy from the light-
harvesting complexes to photosystems. The efﬁciency of light-harvesting is regulated by thermal
dissipation of excess energy, while the distribution of energy between photosystems is dependent
on STN7 kinase and phosphorylation of thylakoid proteins. The regulation of excitation energy
transfer has been linked to the lateral segregation of photosynthetic complexes along the thylakoid
membrane. The study of photosynthetic regulation mechanisms using Arabidopsis mutants, which
have been available for the last ten years, has challenged traditional views on regulation of excita-
tion energy distribution. Here, we discuss an urgent need to create a holistic view of the dynamics of
the thylakoid membrane using systematic research of the mutants available today.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Prologue
In this hypothesis paper we discuss the interconnection be-
tween thylakoid protein phosphorylation, lateral heterogeneity of
the thylakoid membrane, granal stacking and the control of the
excitation energy transfer from LHCII antenna to the two photosys-
tems (PSII and PSI). We focus on recent research and highlight the
need for further investigationswith an array of Arabidopsismutants,
which have a great potential to illuminate novel aspects of the reg-
ulation of excitation energy distribution and electron transfer reac-
tions. Historically, the study of these mutants has been largely
directed towards general characterizations of individual processes
within the previously established photosynthesis framework. As a
result of this approach, there tends to be a lack of comprehensive
data addressing broader questions of mechanisms and physiologi-
cal signiﬁcance of photosynthetic regulation. We believe Arabidop-
sis mutants can be used more extensively as tools to evaluate the
overall dynamics of the thylakoid membrane, and should also be
applied to re-evaluate the traditional practices of collecting and
interpreting chlorophyll ﬂuorescence data. Accordingly, we have
conducted a signiﬁcant amount of testing and optimization to de-
velop pilot-style experiments with wide sets of Arabidopsis, cyano-
bacteria and Chlamydomonas mutants inhibited in their regulation
of the structure and function of the photosynthetic machinery.
Through this preliminary work we are already becoming conﬁdent
that commonly held beliefs in the regulation of excitation energyal Societies. Published by Elseviertransfer and distribution must be re-evaluated by applying the lat-
est biophysical and biochemical tools to such mutants. In this spe-
cial issue paper that is asked to present provocative ideas, we take
the opportunity to discuss preliminary data that is still somewhat
diffuse, but with some insight and scientiﬁc intuition begins to form
a novel and thought-provoking model of thylakoid membrane
dynamics and regulation under ﬂuctuating light (Fig. 1).
2. Light harvesting machinery dynamically serves the energy-
storing chemistry in thylakoid network
Photosynthetic light reactions are run by four multiprotein
complexes embedded in the thylakoid membrane of plant chloro-
plasts; PSII, cytochrome b6f (Cyt b6f), PSI and ATP-synthase. In
addition, an intersystem electron transfer chain (ETC.) comprises
the soluble electron carriers plastoquinone (PQ; between PSII and
Cyt b6f) and plastocyanine (PC; between Cyt b6f and PSI). Light
energy is absorbed by the light-harvesting antenna systems (LHCI
and LHCII) and the excitation energy is directed to the photosys-
tem reaction centres in order to perform the primary photochem-
ical reactions. Harvested light energy excites the PSII reaction
centre chlorophyll molecule P680, which ultimately donates elec-
trons to the PQ pool. After receiving two electrons, reduced PQ is
released from the PSII complex and is then oxidized by Cyt b6f,
which in turn donates electrons to PSI via soluble PC in thylakoid
lumen. Electrons released from the PSI reaction centre molecule
P700 are ﬁnally transferred via ferredoxin (Fd) to the ferredoxin-
NADP+ oxidoreductase (FNR) that generates NADPH from NADP+.
Water-splitting reactions and the Q-cycle of Cyt b6f couple theB.V. Open access under CC BY-NC-ND license.
Fig. 1. A collective model is presented for regulation of energy and electron transfer in the thylakoid membrane of plant chloroplasts upon different changes in white light
intensity. Six different states (A–F) of thylakoid membrane margin regions, comprising PSI-PSII-LHCII megacomplexes, are presented depending on the light intensity and
duration of the speciﬁc light condition. (A) Under constant low light intensity, efﬁcient light harvesting is essential for photosynthesis. NPQ, i.e. the PsbS- and lumen
protonation-dependent quenching of excess energy, is relaxed and the carotenoid composition promotes efﬁcient excitation energy transfer to the photosystems. Relaxation
of these quenching mechanisms under low light leads to over-excitation of PSII compared to PSI. Such imbalance at low white light is, however, avoided by binding of reduced
PQ molecule to the Qo site of the Cyt b6f complex with subsequent activation of the STN7 kinase, enhanced phosphorylation of LHCII and restoration of the excitation balance.
(B) A sudden increase in light intensity leads to rapid and strong protonation of the thylakoid lumen via still uncharacterized PGR5-dependent mechanism. Protonation leads
to strong diminishing of electron transfer via Cyt b6f and quick induction of thermal dissipation of excitation energy (qE). This dissipation mechanism is dependent on
protonation of the PsbS protein. The general view is that PsbS facilitates the thermal dissipation of excitation energy by the light harvesting antenna, yet the exact mechanism
is under debate. In Fig. 2, we present an alternative model for the most rapidly induced component of NPQ. (C) Continuing exposure to high light, from several minutes to
hours, gradually decreases the phosphorylation level of LHCII but maintains maximal PSII core protein phosphorylation. This represents an intermediate phase, which upon
transfer to steady-state low light is reverted to the condition depicted in A but upon prolonged duration of high light leads to acclimation as depicted in (D) Prolonged
exposure (i.e. acclimation) to high light modulates the carotenoid composition of the light-harvesting antenna. This change enhances the quenching of excitation energy as
heat, decreasing the amount of energy entering the photosystems. High light also leads to partial PSII photoinhibition and concomitant slowing down of electron ﬂow to PSI.
Strong PSII core protein phosphorylation facilitates the repair cycle of PSII. Under continued high light, a new steady-state LHCII phosphorylation level is established
according to the new redox balance set by enhanced NPQ and metabolic modiﬁcations. (E) Sudden return to low light induces relaxation of NPQ, leading to relative over
excitation of PSII and reduction of PQ pool. (F) After a short delay, activated STN7 kinase phosphorylates LHCII, which leads to restoring excitation and redox balance. LL: low
light, HL: high light. Yellow arrows indicate the distribution of excitation energy from LHCII to PSII and PSI. Blue curly arrows indicate dissipation of energy as heat (NPQ).
LHCII and PSII core protein phosphorylation is indicated by P inside a red circle. PGR5-dependent control of Cyt b6f is indicated by orange ‘‘block’’ sign.
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gradient across the thylakoid membrane that is released via ATP
synthase in the generation of ATP. Proton gradient formation also
has a vital role in the regulation of light-harvesting efﬁciency
and the rate of electron transfer via Cyt b6f. Proper functioning of
the electron transfer reactions amidst naturally occurring ﬂuctua-
tions in available light energy demands tight control of light-
harvesting efﬁciency, balanced excitation energy distribution
between PSII and PSI and sensitive regulation of the rate of electron
transfer via Cyt b6f. The thylakoid membrane framework must
therefore be highly organized and structurally complex, and yet
dynamically regulated and ﬂexible [1–4] as a prerequisite for opti-
mal photosynthesis in natural conditions. Regulation of thylakoid
membrane structure according to the availability of solar energy
[5] and metabolic balance [6] can be seen in the differences in chlo-
roplast ultrastructure between shade and sun plants. As an adapta-
tion to low light conditions, shade plants have evolved extensive
granal stacking [7], while the thylakoids of sun plants living under
excess light are less appressed [8]. Furthermore, thylakoid mem-
brane organization responds reversibly to changes in the intensity
and quality of light [5,7,9,10]. (see Fig. 2.)
Photosynthetic protein complexes are heterogeneously distrib-
uted along the thylakoid membrane, with PSI–LHCI and ATP
synthase located in non-appressed stromal regions and the PSII–
LHCII supercomplexes located predominantly in the stacked grana
core [2,11]. At the interface between PSII–LHCII-rich grana and
PSI–LHCI-rich stroma membranes, the so-called ‘fret’ domain, the
concentration of both reaction centre complexes is high [12]. Inter-
actions between the photosynthetic protein complexes, especially
in the grana margins where both reaction centers are in close vicin-
ity to each other, are regulated by the dynamic organization of thy-
lakoidmembranes. According to the commonly acceptedmodel, the
three-dimensional structure of the thylakoid membrane regulates
the excitation balance between PSII and PSI by granal stacking, lead-
ing to segregation of the membrane into appressed PSII-rich grana
and to non-appressed PSI-rich stromal membranes. This is essentialFig. 2. depicts a hypothetical model for the function of PSI as a quencher in rapidly
induced NPQ (A) and in canonical ‘‘state 2’’ condition (B). The view is based on
apparent connectivity between PSII and PSI via a shared LHCII antenna pool in grana
margins. Independently on the redox state of PSI, it is an efﬁcient trap and quencher
of the excitation energy. A combination of high excitation energy, molecular oxygen
and excess electrons is hazardous to PSI. However, the induction of strong DpH
across the thylakoid membrane upon increase in light intensity not only induces
quenching of excess excitation energy but also slows down the electron transfer
from PSII to PSI. This makes PSI a safe quencher of excess excitation energy (A).
Indeed, PSI can function as a quencher of excess energy if the antenna connectivity
between PSII and PSI is stronger and more dynamically regulated than previously
expected. Quencing via PSI is presented as an alternative to the situation in Fig. 1B.
(B) Strong phosphorylation of all PSII-LHCII phosphoproteins in canonical ‘‘state 2’’
condition leads to limited quenching of PSII. This has generally been explained by
phosphorylation induced decrease in the antenna size of PSII. Nonetheless, this
should not affect the PSII ﬂuorescence induced by huge excess of energy (Fm0). It is
more likely that the ‘‘state 2’’ enhances the quenching of PSII by PSI via the common
antenna pool as depicted in B. For explanations of the symbols, see Fig. 1.for preventing excitation energy spill-over fromPSII–LHCII to PSI via
the LHCII system.
The traditional views concerning the connections between thy-
lakoid folding, lateral heterogeneity of the thylakoid membrane
and the distribution of excitation energy between PSII and PSI
are based on in vitro experiments with isolated thylakoid mem-
branes treated with cationic salts (see for a review [13]). There
is, however, no deﬁnitive evidence gathered in vivo to show that
the three dimensional structure of the thylakoid membrane is
essential for balancing excitation energy between the two photo-
systems. In fact, published and unpublished ﬁndings from several
mutants with altered thylakoid structure indicate that such a rela-
tionship does not exist in vivo. Mutants like stn8 [14], curt1 (Con-
gress presentation) and fzl [15], which have more or less
unorganized thylakoids, show fairly normal ﬂuorescence proper-
ties, suggesting that the excitation energy distribution between
PSII and PSI is not disturbed. Moreover, the photosynthetic light-
harvesting machinery is largely analogous throughout the plant
kingdom (plants and the green algae) and all plants can maintain
functional excitation balance between the two photosystems, and
yet the degree of the thylakoid appression varies markedly be-
tween different plant species. It is important to note that the cat-
ionic salts used to induce the in vitro stacking of the thylakoid
membrane also affect the electric charge of the lipids and proteins,
mainly by masking the negative charges of these molecules. This
would modulate the lateral attractive and repulsive forces between
the protein complexes along the thylakoid membrane, which is the
basis for the redistribution of excitation energy between different
pigment-protein complexes [16,17]. Thus, the observed effect of
cations on excitation energy distribution can be explained by the
lateral protein–lipid–protein interactions in the thylakoid mem-
brane, conceivably leading to altered membrane folding that does
not affect the distribution of excitation energy. Cation-induced
thylakoid stacking could also occur through alterations to the ri-
gid/ﬂuid properties of the membrane that are important for native
stacking. Another option is that the cationic salts modulate the lat-
eral electrochemical forces between photosynthetic protein com-
plexes, leading to a repositioning of charged protein complexes
on the membrane surface and creating new ‘molecular velcro’ -like
vertical attraction forces ([18]) between PSII-LHCII-rich areas of
the thylakoid membrane.3. Thylakoid network organization, LHCII phosphorylation and
the problem with ‘state transitions’
The photosynthetic ‘state transition’ is a moderately short-term
light acclimation process in plant chloroplasts that occurs in the
timescale of minutes. The canonical concept of state transitions,
which was discovered 40 years ago [19,20], involves phosphoryla-
tion of the LHCII proteins and rearrangement of the thylakoid struc-
ture [21,22], yet theprecise relatednessof thylakoid rearrangements
and protein phosphorylation remains controversial. LHCII phos-
phorylation and state transitions are thought to be coupled with
changes in granal stacking [10], although this has been demon-
strated under conditions that phosphorylate not only the LHCII pro-
teins, which regulate the excitation energy distribution [23,24], but
also the PSII core proteins. These experiments have reported effects
on thylakoid stacking [14,25], but not on the distribution of excita-
tion energy between the photosystems [26]. The stn7mutant cannot
phosphorylate LHCII proteins, and as a consequence is ‘locked’ into
‘‘state 1’’ photosynthesis that induces strong over-excitation of PSII
compared to PSI, and yet stn7 has a WT stacking phenotype of the
thylakoid membrane [14] and unpublished results from Aro lab).
In contrast, the stn8mutantwith low PSII core protein phosphoryla-
tion and normal LHCII phosphorylation maintains the excitation
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stacking is severely affected in this mutant [14]. This suggests that
there is no connection between LHCII phosphorylation dependent
excitation balance and the status of thylakoid folding.
According to present dogma, non-phosphorylated LHCII mainly
functions as an antenna for PSII, but migrates into contact with PSI
as a result of light quality-dependent Lhcb1 and Lhcb2 protein
phosphorylation. The LHCII kinase STN7 is needed for catalysis of
Lhcb1 and Lhcb2 phosphorylation [23,24], with activation of the
kinase being regulated by the redox state of the photosynthetic
electron transfer chain [27–29]. STN7 is activated by binding of
reduced plastoquinone molecule to the Q0 site of the cytochrome
b6f complex [30,31] and deactivated by release of plastoquinone
from the Q0 site. On the top of this activation/deactivation mecha-
nism, an increase in stromal reductants exerts an inhibitory effect
on the LHCII kinase, which occurs gradually, for example, upon
increasing irradiance [32,33]. Accordingly, the LHCII kinase is deac-
tivated by transferring plants to darkness and inhibited in response
to a shift to high light, whereas it is active under low and/or mod-
erate light regimes [32–34]. STN7 activity is not only controlled at
the functional level, but the quantity of enzyme is also regulated
according to the LHCII phosphorylation power required [31].
Interestingly, when LHCII phosphorylation is manipulated by
using so-called ‘state lights’ that favor speciﬁc excitation of PSII
or PSI, or by incubation of samples in darkness under anaerobiosis
and/or by inhibitor treatments, there is a clear correlation between
LHCII phosphorylation status and the distribution of excitation
energy between PSII and PSI. All of these methods, however, affect
the redox state of the PQ pool, while stromal side of PSI remains
oxidized and unaffected. In contrast, manipulation of the phos-
phorylation status of thylakoid proteins in a more natural way by
using different intensities of white light shows no correlation
between LHCII phosphorylation and the relative excitation of PSII
and PSI [34]. A plausible explanation for this apparent incongruity
is that the ‘state lights’ affect LHCII and PSII core protein phosphor-
ylation in the same direction, with both dephosphorylated under
‘state 1’ light and strongly phosphorylated in ‘state 2’ light. On
the other hand, exposure to high intensity of white light enhances
the phosphorylation of the PSII core proteins and at the same time
suppresses phosphorylation of LHCII proteins [32,33], while a shift
to low light enhances LHCII phosphorylation but suppresses PSII
core protein phosphorylation [34]. The common view is that
low light activates STN7 and it becomes inhibited under high light,
but this is not the whole story. The PSII core proteins CP43, D1 [34]
and CP29 [34,35]are also phosphorylated in an STN7-dependent,
high light-enhanced and low light-suppressed manner in the
absence of the STN8 kinase. It is conceivable, therefore, that the
phosphorylation balance between the outer LHCII proteins and
the inner light harvesting proteins CP43 and CP29 that is catalyzed
by light intensity-dependent activity of STN7 facilitates excita-
tion balance upon light intensity-induced dynamics of the
photosynthetic protein complexes. It would follow that such a
phosphorylation balance is broken when the ‘state 2’ light is used,
leading to the generation of excitation imbalance that is detected
as ‘state transitions.’ Indeed, the canonical ‘state transitions’
leading to excitation imbalance between PSII and PSI would not be
beneﬁcial under natural light conditions.
77 K ﬂuorescence spectroscopy clearly demonstrates that the
‘state 2’ light narrows the excitation spectra of both photosystems;
however, this occurs identically for both photosystems and no
‘‘migration’’ of LHCII-associated excitation wavelengths from PSII
to PSI can be detected [for details see 47]. This also appears to ap-
ply to Chlamydomonas that is chemically forced to ‘state 2’ (Unpub-
lished). This strongly suggests that there is connectivity between
PSII and PSI via a shared LHCII antenna bed which, upon phosphor-
ylation of the thylakoid proteins under ‘state 2’ conditions, changesits light absorption and/or excitation energy distribution proper-
ties by a still unknown molecular mechanism. We have demon-
strated that under white light conditions the phosphorylation of
LHCII proteins slightly decreases the relative excitation of PSII in
grana membranes, while a strong increase in the relative excitation
of PSI in grana margins was observed [36]. Although some migra-
tion of LHCII from grana to stroma membranes occurred upon
phosphorylation of LHCII proteins, it was apparently not connected
with PSI. Indeed, the PSI density per surface area has been shown
to be the highest in the grana margins [12] where PSI can easily
interact with PSII and LHCII. It is highly likely that the LHCII phos-
phorylation-induced reorganizations of PSII-LHCII-PSI complexes
take place in this region of the thylakoid in order to maintain the
excitation balance between PSII and PSI. Biochemical proof for
existence of PSII-LHCII-PSI complexes has been difﬁcult to obtain,
most likely due to the complex nature of the thylakoid membrane
and technical issues during the thylakoid isolation and solubiliza-
tion. Nonetheless, through careful optimization of the large pore
native gel systems and gentle solubilization of thylakoid mem-
branes with digitonin, we have recently demonstrated that such
megacomplexes indeed occur in large extent [37], and that the
reversible phosphorylation/dephosphorylation of LHCII strongly
affects the dynamics of these megacomplexes (Aro, Rantala et al.,
unpublished).
State transitions are generally measured by changes in the ﬂuo-
rescence parameter Fm0 measured under different light quality
conditions. Induction of LHCII phosphorylation decreases the Fm0
parameter and has been explained by migration of a small portion
of LHCII away from PSII. However, when Fm0 is measured by a truly
saturating pulse, a small change in the antenna size should not af-
fect the ﬂuorescence yield, which is dependent on the amount of
PSII and induction of NPQ. The observed behavior of Fm0 may be
explained by enhanced energy transfer from PSII and LHCII (spill-
over) to PSI and subsequent quenching by P700, which is a very
efﬁcient energy trap and quencher of ﬂuorescence.
It is thought that the thylakoid membrane needs lateral hetero-
geneity (i) to prevent the ‘fast’ PSI from drawing excitation energy
from the ‘slower’ PSII [38] and thus to maintain PSII functionality.
It has also been suggested that lateral heterogeneity might be
important for the (ii) separation of the cyclic electron transfer from
the predominant linear electron transfer [1], or to (iii) protect the
PSII proteins from degradation under high light [39], since the pro-
teases may not access dense grana stacks. Additionally, the physi-
cal distance of the photosystems might (iv) protect PSII from the
radical oxygen species (ROS) produced by PSI, which are known
to be capable of damaging PSII [40]. In addition, (v) the repair cycle
of PSII requires lateral heterogeneity, as both the degradation of
the damaged D1 and the subsequent co-translational insertion of
the newly synthetized D1 protein [41] could not be possible in
the dense grana stacks. It is however unclear, why these processes
would be needed only in higher plant, yet not beneﬁcial in other
parts of the green lineage. Addressing all of these possibilities is
beyond the scope of this paper, but we will consider here the
hypothesis that PSI ‘steals’ excitation energy from PSII. This theory
is unlikely, because the nature of the thylakoid membrane favors
excitation of PSII over PSI (i.e., the stn7 mutant over-excites PSII).
To provide sufﬁcient excitation energy to PSI, as well as to keep PSII
reaction centers open, the phosphorylation of LHCII proteins en-
hances the attraction forces between PSII–LHCII and PSI, allowing
sufﬁcient excitation transfer to PSI and thus providing functional
balance between PSII and PSI [34,38,42]. This mechanism takes
place in the grana margins or fret membranes [36], which contain
the highest concentrations of PSI [12] and are in close vicinity to
PSII–LHCII rich grana. It is especially important to enhance PSI
excitation under low intensity of light when NPQ is minimized
and energy transfer from the light harvesting complex to PSII
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lation of reducing power in the intersystem ETC. [24,34,44]. Weak
PSI excitation or accumulation of electrons in the ETC. are not
harmful per se under low light, but when light intensity suddenly
increases (e.g., during a sunﬂeck) and PSI receives enough energy
to oxidize the over-reduced ETC, the capacity of PSI electron accep-
tors is exceeded, leading to generation of reactive oxygen species
(ROS) and permanent damage to PSI (Grieco et al. manuscript in
preparation). The control of electron ﬂow via the Cyt b6f complex
according to the energy state of the thylakoid membrane is there-
fore a crucial mechanism for preventing irreversible damage to PSI
(for details [45,46]).
The restoration of excitation balance is similarly required under
high light and is independent on LHCII phosphorylation. It can be
explained by two possible mechanisms. It is possible that
quenched LHCII provides no energy to PSII or PSI, and consequently
LHCII phosphorylation becomes unimportant in the maintenance
of excitation balance [42]. Another option is that high light induces
a thylakoid protein phosphorylation-independent mechanism that
enhances PSI excitation by LHCII under high light. Restoration of
the excitation balance in stn7 single and stn7 stn8 double mutants
under high light treatment, measured by 77 K ﬂuorescence emis-
sion spectra [34], appears to support this latter option. Interest-
ingly, it seems that the npq4 mutant lacking the PsbS protein and
therefore also rapid induction of qE is capable of maintaining exci-
tation balance between PSII and PSI under low light, but under high
light the relative excitation of PSI decreases [34]. This could indi-
cate that the PsbS protein not only regulates quenching of excess
energy, but also affects the excitation balance between PSII and
PSI. This question requires further investigation using the stn7,
pph1/tap38, npq4 and stn7 npq4 double mutants.
4. Epilog: collective model for thylakoid membrane dynamics
Our current view on the regulation of redox reactions in the
thylakoid membrane points to a speciﬁc importance in preventing
the production of ROS by PSI, a most vulnerable target of ROS-
induced damage [47,48]. Tight regulation minimizes the electrons
available for uncontrolled reduction of oxygen, even while high
levels of reducing power are produced for carbon ﬁxation. This re-
dox balance is achieved mainly by three different mechanisms; (i)
reversible phosphorylation of PSII-LHCII proteins by the STN7
kinase and PPH1/TAP38 phosphatase ensures excitation balance
between PSII and PSI from a shared LHCII antenna. via this
mechanism, PSI function can be coordinated with PSII under limit-
ing light, keeping photosynthesis efﬁcient by maintaining low
reduction level of ETC. As explained above, the STN7 kinase is reg-
ulated according to the redox status of the photosynthetic machin-
ery. This mechanism gives a balanced framework wherein other,
more dynamic regulatory mechanisms (ii and iii, see below) can
work safely. The excitation balance provided by STN7-dependent
LHCII phosphorylation is not dependent on thylakoid stacking,
nor is stacking dependent on LHCII phosphorylation [14,25]. The
two remaining mechanisms crucial for redox balance require the
PGR5 protein, which is critical for the strong protonation of the
thylakoid lumen upon sudden increase in light intensity, although
its mechanism of action remains unknown. These are; (ii) slowing
down the electron transfer via Cyt b6f and (iii) induction of rapid
quenching of excitation energy, known as feedback de-excitation
(qE), which is not only dependent on the PGR5-mediated DpH
across the thylakoid membrane, but also on protonation of the
PsbS protein. In oxygenic environments the availability of ‘true’
electron acceptors is crucial for limiting the electron ﬂow from
PSI to molecular oxygen in order to prevent production of ROS
and the damage of PSI. Nevertheless, in the shortage of electrons,PSI can quench excitation energy very efﬁciently and safely. Due
to the apparent connectivity between PSII and PSI via the LHCII an-
tenna and the fact that lumen protonation limits electron transfer
to PSI, the possibility that PSI is the quenching centre in rapidly-
induced NPQ cannot be excluded. It is plausible that protonation of
the PsbS protein enhances energy transfer to PSI, as in the absence
of PsbS (the npq4 mutant), PSI becomes very efﬁciently oxidized
upon shift to high light, and yet the PQ pool remains highly re-
duced. Later, changes to the pigment composition of the light har-
vesting antenna system can be seen to adopt the responsibility of
quenching of the excess energy in npq4. The pigment composition
therefore sets the level of background quenching, which deter-
mines the general efﬁciency of the light harvesting machinery.
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